Summary.
Goblet cells in the jejunal epithelium of adult and suckling rats were studied with transmission electron microscope. The use of triple fixation, i.e., osmium-aldehydeosmium has some advantages in the preservation of mucous substances and some cell organelles.
Cytochemical demonstration of polysaccharide and glycoprotein by methenamine silver as well as detection of TPPase and acid phosphatase (AcPase) were performed. Accumulation of secretory substances and combination with sugar moieties occurred in the internal sacs of Golgi lamellae, where TPPase activity was recognized.
No rigid lamella usually positive to AcPase was found in goblet cells, though it was easily found in the columnar absorptive cells. AcPase was positive in some small immature mucus droplets as well as lysosomes.
As the differentiation of goblet cells advances, mucus droplets come into contact and fuse to each other.
As a result of the close contact of two adjacent membranes of mucus droplets, a pentalaminar structure is first formed. Then the central dense lamina disappears and the membrane becomes trilaminar.
Disappearance of one of the apposed unit membranes, leaving another unit membrane, may take place. Finally the single unit membrane left between the adjacent droplets is also ruptured and complete fusion occurs.
The mechanism of extrusion of mucous substance is complicated. Some mucus droplets located at the most superficial area may be released by the mechanism of exocytosis. More frequently, however, deeply located droplets fuse to each other and a huge vacuole is made in the apical cytoplasm.
The substance filling the vacuole contains debris of cytoplasmic matrix and droplet membranes along with mucous secretory substance. These substances derived from different sources are expelled into the lumen at the same time. This may be classified into the apocrine mechanism, because a part of the cytoplasm and membranes are lost. The typical apocrine secretion, i. e., pinching off of cytoplasmic projection containing mucus droplets, was also found in the goblet cells. Thus, two or three different mechanisms of secretion discharge may possibly occur simultaneously in goblet cells.
As the typical unicellular gland, the goblet cells distributed widely in a variety of mucous membranes including the intestinal mucosa are unique secretory cells, but relatively few investigations with the electron microscope have been published hitherto as compared to other simple proteinous or serous gland cells such as the pancreatic acinar cells. One of the reasons for the paucity in ultrastructural researches 263 may be the difficulty of fixation of mucous secretory substances.
Application of triple fixation method of osmium-aldehyde-osmium has resulted in a relatively good preservation in the intestinal goblet cells of both mucous substance and some cytoplasmic structures.
Certain cytochemical tests were carried out on the mucous substance as well as for enzyme activities residing on the cell organelles. These ultrastructural studies may clarify some of the unsolved questions concerning the secretory activities of goblet cells, e.g., the origin of mucus droplets and the mechanism of secretion discharge. PALAY (1958) was probably the first electron microscopist who studied the secretion mechanism of goblet cells. He assumed the mechanism of secretion discharge of goblet cells to be one of the apocrine type extrusion. FREEMAN (1966) extended knowledge on the ultrastructure of goblet cells with advanced electron microscopic techniques and also confirmed the extrusion mechanism as the apocrine mechanism.
However, KANASEKI (1975) and SCHAEFFER (1977) argued that the extrusion of mucus by goblet cells is one of exocytosis and denied the apocrine mechanism, though NEUTRA and LEBLOND (1966) had described a peculiar phenomenon concerning the secretion discharge, which had been classified as neither apocrine nor exocytotic mechanism.
The present observations using methenamine silver staining as well as the ordinary method of preparation aim to clarify the extrusion mechanism of secretory mucus by intestinal goblet cells. The mechanism of formation of mucus droplets in dispute, whether GERL or Golgi complex is the site of secretory granule production, will be elucidated by this observation.
MATERIALS AND METHODS
Both sexes of adult and suckling (1 week after birth) rats of Wistar strain were decapitated and small parts of jejunum were removed. They were cut into small pieces and fixed with either triple fixation or double fixation as follows: 1) The triple fixation consisted of three steps, the first fixative being 1% osmium tetroxide adjusted to pH 7.2 with 0.2M phosphate buffer and made isotonic with sucrose, the second being a mixture of 2% glutaraldehyde and 2% paraformaldehyde buffered to pH 7.2 with 0.2M phosphate buffer, the third fixative being the same as the first. The fixation period was 30min or 1hr for the first, 1 or 2hr for the second, and 1hr for the third fixation.
2) The double fixation was performed at first with an aldehyde mixture that was the same as the second for triple fixation, and the postfixation with osmium solution that was the same as that for triple fixation. The fixation time was 1hr for each. After fixation was finished, the specimens were briefly rinsed with buffer solution and put in 1.5% aqueous solution of uranyl acetate and left in a refrigerator overnight.
After dehydration with a series of ascending concentrations of ethanol, the specimens were embedded in a mixture of Epon and Araldite.
Thin sections were made on a Porter-Blum ultramicrotome MT-2B and stained with uranyl acetate and lead citrate.
Periodic acid methenamine silver staining for polysaccharides and glycoprotein by the method of RAMBOURG (1967) were performed on sections fixed with either triple or double fixation mentioned above.
For enzyme cytochemistry, the specimens from the adult rat jejunum were fixed with 2.5% glutaraldehyde adjusted to pH 7.2 with 0.1M cacodylate buffer for 45min, and rinsed with the same buffer added with 7% sucrose overnight.
During this Model G). Slices of the specimens were incubated either with NOVIKOFF and GOLDFISCHER (1961) medium for demonstration of TPPase activity or NOVIKOFF (1963) medium containing cytidine-5-monophosphate for demonstration of acid phosphatase.
for 20min. The specimens after a brief rinse were postfixed with 1% osmium tetroxide with 0.1% cacodylate buffer and 7% sucrose for 1hr. After dehydration, the specimens were embedded in Epon-Araldite mixture and sectioned with an ultramicrotome.
Thin sections for cytochemistry were stained only with uranyl acetate without lead staining.
Electron microscopy was performed with a Hitachi transmission electron microscope H-700 at 100kV accelerating potential.
OBSERVATIONS

General structure of goblet cells
The goblet cells are primarily columnar in shape, but the secretion granules, also called mucus droplets, accumulate in the cytoplasmic area between the apical cell surface and the upper end of the nucleus. This area is usually called supranuclear area, and contains Golgi apparatus at about the center and rough endoplasmic reticulum (ER) in the periphery.
As the mucus droplets increasingly accumulate, the supranuclear cytoplasm bulges up on its sides, so that this part of the cell is swollen like a barrel which was named "theca" by SCHULZE (1867), i.e. a box. Thus the shape of goblet cell secondarily assumes the shape of a wine cup.
After the triple fixation with osmium-aldehyde-osmium, the mucous substance appears more or less dense, though the density is considerably variable. In a growing goblet cell, mucus droplets are not yet fused, but isolated by a small amount of cytoplasmic matrix (Fig. 1) . In a more advanced stage of differentiation, mucus droplets are fused to one another and become a huge vacuole filled with mucus and some fragments of intergranular cytoplasmic structures. Then the vacuole opens into the intestinal lumen, to which the secretory mucus is poured out (Fig. 11) .
As summarized briefly, the mucus synthesized at the rough ER may be transported to the Golgi apparatus, where it is packed into vesicles forming the so-called mucus droplets. They move upward and are accumulated in the theca, and finally fuse to each other, losing most of partitions between droplets.
When the supranuclear cytoplasm is cut transversely, the center of the area can be seen filled with some mucus droplets, surrounded by paralled lamellae of Golgi apparatus, which in turn are surrounded by also parallel arranged flat cisternae of rough ER. Mitochondria are mostly elongated and mixed with the components of rough ER (Fig. 2) . The over-all density of the cytoplasm of a goblet cell is much higher than that of a columnar absorptive cell (Fig. 2) .
The nucleus of a goblet cell is situated at the bottom of the theca i.e. the swollen cell body, which is connected with the cell base by a relatively slender stalk. The The cytoplasm of the goblet cell is much denser than that of the columnar absorptive cells. At the center relatively young mucus droplets (MD) with high electron density are observed. The lamellar sacs of Golgi apparatus (G) surround these mucus droplets. The innermost lamellae contain dense material (arrowheads) which is similar to the mucous substance. Rough ER (ER) occupies the peripheral cytoplasm, and forms roughly concentric lamellae parallel to the cell surface.
Rod-like mitochondria (M) are scattered among absorptive cells (Fig. 1) . A junctional complex, called a terminal bar in light microscopic histology, consists of zonula occludens, zonula adherens and macula adherens, and is situated at the uppermost corner of the lateral cell boundaries abutting the adjacent absorptive cells. Microvilli extend from the apical surface of the growing goblet cell, but a mature goblet cell has a deep invagination on the free surface, which is continuous to a huge vacuole filled with the mucous substance.
Golgi apparatus and formation of mucus droplets
The Golgi apparatus of a goblet cell is well developed. It is shaped like a cup, directing its open side toward the luminal side of the cell. Its wall consists of parallel lamellae of five or six flattened sacs ( Fig. 2-5 ). Each sac contains a little amount of secretory substance, which has been synthesized at rough ER and transported into Golgi sacs by a mechanism of blebbing or budding of ER. Small processes formed on the surface of ER facing the Golgi apparatus may be pinched off, and become small vesicles containing half-made secretory substance synthesized at ER (Fig. 3) , and move toward the Golgi apparatus and attach and fuse to Golgi sacs, so that the secretory material may be transported from ER to the Golgi apparatus.
When the specimen is prepared by the usual method of double fixation, the interior of Golgi sacs is clear, as if it were empty (Fig. 3 ), but after the triple fixation the substance filling Golgi sacs appears more or less dark (Fig. 2, 4 ). The density of substance accumulated in the Golgi sacs becomes higher when advancing from the outer layer (cis-side) of the Golgi lamellae toward the inner layer (trans-side) (Fig. 4) . The innermost sac is slightly dilated, and transition to the immature mucus droplets may be recognized (Fig. 2, 4 ). This finding suggests that the mucous secretory The rough ER (ER) are slightly dilated, and a small process points to the Golgi lamellae (arrowhead), suggesting the transport of material synthesized at ER to the Golgi apparatus.
substance may be transferred from the cis-side of the Golgi lamellae toward the trans-side, and finally the innermost sac filled with abundance of secretory substance may convert into a mucus droplet.
As is well known, the mucus contains carbohydrates and stains intensely with periodic acid methenamine silver (Fig. 5) . The staining intensity of mucus droplets by this method is variable, probably depending on the grade of condensation. The interior of Golgi sacs also stains with methenamine silver, but the cis-layers are very faint, while trans-layers, especially the innermost sac, contain a strongly positive substance showing a high concentration of polysaccharide and glycoprotein. This part of the Golgi stack may be the site of the combination of protein moiety to some kinds of sugar.
Cytochemical demonstration of certain enzymes was carried out. The translayers of Golgi lamellae, which contain a dark substance demonstrated after the triple fixation and are strongly positive to methenamine silver in demonstration of sugar moiety of secretory substances, are also positive in thiamine pyrophosphatase (TPPase) activity (Fig. 6a, b) . The reaction products for TPPase activity is seen in the flattened sacs of trans-layers of the stack and also in some vesicles near the trans-side, but similar vesicles on the cis-side are always negative.
The flat sacs with positive TPPase reaction are often closely applied on the surface of young mucus droplets, but none of droplets themselves are positive to this cytochemical reaction.
Acid phosphatase (AcPase) is known to a marker enzyme of lysosomes and GERL of NOVIKOFF (1964) . Cytochemical demonstration of AcPase was positive on lysosomes The lamellar stack of Golgi apparatus (G) shows the internal substance more or less denser than the cytoplasmic matrix.
The internally situated sacs facing the mucus droplets contain much denser material (arrowhead) than that contained in the external sacs.
Rough ER (ER) is localized in the peripheral part of the cytoand some of the immature secretory granules (mucus droplets), but negative in the Golgi apparatus (Fig. 7a, b) . AcPase positive cisternae known as rigid lamellae (CLAUDE 1970 , NOVIKOFF et al. 1977 were not observed in goblet cells, though they were easily found in the inner aspect of the Golgi stack in the columnar absorptive cells observed in the same section. Small immature mucus droplets are often strongly positive to AcPase but large mature or fusing mucus droplets are completely negative.
Fusion of mucus droplets
In growing goblet cells mucus droplets are separated from one another by thin layers of cytoplasmic matrix, but in mature goblet cells mucus droplets attach to each other, and many of them are fused to one another. At the initial stage of fusion two adjacent mucus droplets come very close to each other, and only a small amount of cytoplasmic matrix is left between them (Fig. 8a) . The intervening matrix soon disappears and the two membranes come in to close contact. High resolution electron microscopy reveals a pentalaminar structure at the place of the close contact of two unit (trilaminar) membranes (Fig. 9a) , because the cytoplasmic leaflets of two unit membranes have fused to form a central single dense lamina of the apposed membranes.
In the further stage of membrane fusion, the pentalaminar membrane may transfer to the trilaminar membrane; i.e. a single unit membrane is shared by two adjacent droplets (Fig. 9b-d) .
At the transitional points from pentalaminar to trilaminar portions, the central dense lamina usually disappears (upright arrowheads in Fig. 9 ), but sometimes one unit membrane is peeled off or abruptly disappears, while another unit membrane keeps its continuity (tilted arrowheads in Fig. 9 ). The single unit membrane left between two adjacent droplets may be ruptured at last, and the two droplets come to a complete fusion. In some cases, each of the two fused droplets retains its original globular form, but they are connected to each other with a narrow bridge (Fig. 8b) . The membranes covering these droplets are completely The reaction products appear in the internal sacs of Golgi lamellae (arrowheads), but not in the external sacs. The positively reacting sacs are partly attached on the mucus droplets (MD), but none of the mucus droplets are reacting.
Some vesicles of Golgi apparatus are positive (arrow), especially near the internal side of Golgi lamellae, but vesicles on the external continuous on the surface of such a bridge, but faint remnants of former membranes are left in the base of the bridge (Fig. 8b) . In other cases, fragmented membranes become vesicles or vacuoles floating in a huge mass of mucus after the complete fusion of many mucus droplets (Fig. 11) . 
Extrusion of mucous secretory substance
At the final and important stage of mucus secretion, the secertory substance must be expelled out from the goblet cell into the intestinal lumen. The mechanism of extrusion has been repeatedly debated.
In the present study, we obtained some findings suggesting certain different mechanisms for mucus discharge from the jejunal goblet cells. Some mucus droplets situated at the most superficial position immediately beneath the surface cell membrane may open to the intestinal lumen by the mechanism known as exocytosis (Fig. 10a, b) . Because the mucus droplets situated at the second row are very close to the new surface membrane, which used to be a part of the membrane covering the first row droplets, these droplets may also be released by the same mechanism of exocytosis in the next moment. In this case, however, the mucus droplets in the deeper position have not yet fused to one another at the time when exocytosis occurs.
In another case, the fusion between deeply located mucus droplets may take place prior to the opening of droplets or a vacuole yielded by the fusion of many droplets.
In such a huge vacuole, some mucus droplets are left intact along its bottom, but the greater part of the vacuole is filled with a mass of mucus mixed with a large number of rod-like bodies and clear vesicles or vacuoles (Fig. 11) . These rod-like bodies of dark substance may probably be derived from the cytoplasmic matrix at the interstices among mucus droplets before their fusion. Vesicles and These contact areas leave a very small amount of cytoplasmic matrix between two seemingly fused membranes.
b illustrates complete fusion of two mucus droplets.
At the bridge between the fused droplets (arrowheads), Fig. 9 Arrows indicate the direction of extrusion. Some dark cores are situated at about the center of each droplet just opened droplets and possibly from some other organelles also. Therefore, this mechanism may be classified in the category of apocrine secretion.
Staining of polysaccharides and glycoproteins by the technique of periodic acid methenamine silver strongly darkens the mucous substance, but the cytoplasm and nucleus are left almost unstained (Fig. 12a) . Even after fusion of the droplets, the mass of mucus contained many unstained cytoplasm by methenamine silver, which delineated the outlines of former droplets (Fig. 12b, c) . This finding indicates that the extruding mucus mass contains cytoplasmic debris and membrane fragments which are negative to methenamine silver reaction, and supports the view that this massive extrusion of secretory substance by goblet cells may be one of the apocrine mechanism.
In some rare cases, the cytoplasm containing mucus droplets bulges out from the apical surface, extending into the intestinal lumen (Fig. 12d) . Such a projection is similar in Fig. 11 . Extrusion of mucous secretory substance from a goblet cell is shown.
A large vacuole contains a number of round droplets along the bottom.
It also contains a huge accumulation of mucous substance mixed with a number of rod-like bodies of dark substance probably derived from the cytoplasmic matrix and some vesicles and vacuoles produced from fragments of droplet membranes (arrowheads). As the interior of theca is completely extruded, the secretory substance flowing out (arrow) contains small parts of cytoplasm and membranes, and this Arrows indicate the direction of the flowing out of secretory mucus. d illustrates the ordinary electron micrograph of a section through the luminal part of a goblet cell. The apical cytoplasm containing less dense mucus droplets bulges out to a considerable extent and forms an apocrine secretory process similar to those in the mammary gland and apocrine sweat gland. Arrows indicate the base of apocrine secretory process which is continuous to the cell morphology to the so-called apocrine secretory process seen in the mammary gland (KUROSUMI et al., 1968) and the apocrine sweat gland (KUROSUMI and KAWABATA, 1976) , and therefore the apocrine secretion in the ordinary sense is also possible in goblet cells of the jejunal epithelium.
DISCUSSION
Already in earlier electron microscope studies, the Golgi apparatus was ascribed to be the site of the formation of mucus droplets of goblet cells (PALAY, 1958; FLOREY, 1960; BIERRING, 1962; HOLLMANN, 1963; FREEMAN, 1962 FREEMAN, , 1966 MAKITA et al., 1972) , with the only exception being that the mucus droplets might arise from rough ER (ergastoplasmic membranes), as advocated by TAYLOR (1959) . SHEARMAN and MUIR (1960) also described that the mucus droplets were continuous with ER, but ER in their description meant smooth ER and corresponded to the Golgi apparatus.
As the mucous secretory substance produced by goblet cells is one of compound proteins, the prevailing concept of protein secretion that the secretory protein is synthesized at rough ER and transported to the Golgi region, where it is packaged into secretion granules (CARD and PALADE, 1964) , may be aplicable to the mucus droplet production by goblet cells.
In searching for the site of sulfate binding of mucus in the goblet cell, LANE et al. (1964) used electron microscopic autoradiography of S35, and obtained the result that the Golgi apparatus is the organelle in which sulfation occurs.
The binding of carbohydrate moieties to the protein which has been synthesized at rough ER was also studied with autoradiography of 3H-glucose under the electron microscope by NEUTRA and LEBLOND (1966) who concluded that the Golgi apparatus is the site of sugar binding.
They showed silver grains indicating the localization of 3H-glucose bound to certain macromolecules distributed almost evenly on the Glogi stack without preference either for internal (trans) or for external (cis) side. That means NEUTRA and LEBLOND (1966) did not demonstrate local differentiation within the stack of Golgi lamellae as far as the incorporation of carbohydrate concerns.
According to BERLIN (1967) who studied the cytochemical demonstration of acid mucopolysaccharides in the goblet cell using colloidal thorium staining, the Golgi stack might be divided into the forming face (cis-layers), mid region, and mature face (trans-layers).
He demonstrated carbohydrates in the Golgi cisternae of the mature (trans) face, but not in the forming (cis) face. Similar results were obtained by RAMBOURG et al. (1969) with periodic acid, chromic acid silver methenamine staining as well as the treatment with a chromic acid-phosphotungstic acid mixture. They concluded that carbohydrates might be synthesized and accumulated in Golgi saccules as they migrated from the immature (cis) face toward the mature (trans) face. We reconfirmed this in the present study; viz. a local differentiation of Golgi lamellae (saccules) and the increase in accumulation of mucous secretory substance as it advances from the cis-side toward the trans-side, by the methods of periodic acid methenamine silver and triple fixation with osmium-aldehyde-osmium.
The local differentiation was also demonstrated by the result of cytochemical detection of TPPase activity, which is limited to a few layers in the trans-side of Golgi lamellae. The localization of TPPase and nucleoside diphosphatase (NOVIKOFF and GOLDFISCHER, 1961; HAND and OLIVER, 1977) in the Golgi lamellae completely coincides with that of accumulation of mucous secretory substance and its binding with saccharides and sulfate, as mentioned above.
It is suggestive of some relationship of these enzymes to the completion of secretory compound protein, especially in combination with sugar and sulfur, though its detailed significance in cytochemical reactions has not been clarified. NOVIKOFF (1964) advocated the existence of a specialized part of ER named GERL, which is situated in the internal aspect (trans-side) of Golgi lamellae and forms lysosomes. The GERL is characterized by the positive reaction to the cytochemical demonstration of acid phosphatase (AcPase) activity. NOVIKOFF and his coworkers (PELLETIER and NOVIKOFF, 1972; HAND and OLIVER, 1977) argued that GERL is not only the site of lysosome production, but also the site of formation of secretory granules in a variety of protein-secreting glands. HAND and OLIVER (1977) wrote, "Immature secretory granules were not observed to form in relationship to the inner Golgi saccules, but in fact exhibit direct connections with the tubular portion of GERL."
In a study on the anterior pituitary cells, however, we found that both GERL and trans elements (inner part) of Golgi lamellae can produce secretory granules (INOUE and KUROSUMI 1977) , and therefore we concluded that GERL might belong to Golgi apparatus. FUJITA and OKAMOTO (1979) showed the overlapping of the TPPase positive part and AcPase positive part in the Golgi apparatus and its vicinity in the mouse pancreas, and concluded that the structure known as GERL is not independent from the Golgi apparatus but represents a part of this organelle. They demonstrated that the condensing vacuoles, which are known to be immature stage of zymogen granule formation, are positive both to TPPase and AcPase reaction. This finding is identical with that of our previous study (INOUE and KUROSUMI, 1977) , and the possibility that both Golgi lamellae and GERL can produce secretory granules is strongly suggested. NOVIKOFF et al. (1977) demonstrated AcPase activity in the rigid lamellae and condensing vacuoles of the pancreatic exocrine cells, and direct continuity between the rigid lamellae and condensing vacuoles, and concluded that the nascent secretory granules or the condensing vacuoles are nothing but the expanded portions of GERL. In our present study, the rigid lamella, i.e. the cisternal or tubular portion of GERL, could not be observed in the goblet cell either pretreated by cytochemical procedures or in the conventional sections. AcPase activity was only observed in the immature mucus droplets corresponding to condensing vacuoles as well as lysosomes. The presence of AcPase in the condensing vacuoles or nascent secretory granules (immature mucus droplets) indicates agreement with NOVIKOFF'S school, but dilatation of rigid lamellae forming the condensing vacuoles as argued by NOVIKOFF and his coworkers (1977) could not be found in the goblet cell. In contrast, the dilatation of the innermost cisterna (trans-element) as a result of accumulation of secretory substance which is positive to methenamine silver was repeatedly observed in this study. Though these trans-elements were positive to TPPase detection, none of the mucus droplets displayed TPPase.
It is possible that the expanded trans-element of Golgi lamellae which is TPPase positive may convert to the small immature mucus droplet and gain AcPase activity. This means that GERL (immature mucus droplets in this case) may be derived from the trans-cisterna of Golgi lamellae. In this connection, HAND and OLIVER (1977) wrote, "the Golgi saccules participate in the transport and initial concentration of the secretory proteins. The method of transfer of the secretory proteins from the inner saccule to the forming granule remains obscure." They seemed not to consider the transformation of the inner saccule (transcisterna) into the condensing vacuole, but the findings in goblet cells clearly indicate this possibility, and suggest the transition from Golgi elements into a part of GERL. NEUTRA and LEBLOND (1966) wrote that mucus droplets in goblet cells of the colon did not merge with one another while migrating across the cell, and that the membranes of granules usually remained intact as long as they were inside the cells. In contrast to their description, mucus droplets in the goblet cells of the small intestine seemed to fuse with one another, forming a large vacuole prior to the release into the intestinal lumen as studied by KANASEKI (1975) . He described the process of membrane fusion and fission in detail with high resolution electron microscopy of thin sections of well preserved specimens. According to him, the adjacent membranes of two contacting mucus droplets come to close attachment and form a pentalaminar structure, that transforms to a trilaminar structure that is characteristic of the unit membrane. This transition takes place by the disappearance of the central dense line of the pentalaminar membrane that is the result of close contact between two unit membranes. After the trilaminar membrane is formed between two adjacent droplets, this unit membrane may partly disappear and the two droplets come to a complete fusion.
In the present study we observed the same phenomenon as described by KANASEKI (1975) , but, in addition, another mechanism of transformation of a pentalaminar membrane to a trilaminar membrane occurred, i.e., peeling off of one of the apposed unit membranes leaving an intact counterpart.
NEUTRA and SCHAEFFER (1977) studied goblet cells of rectal and rectosigmoidal mucosae of primates and described the membrane contact displaying the pentalaminar structure at the closely apposed mucus droplets, but they wrote, "In some cases, contact areas are trilaminar, appearing as a single unit membrane shared by two adjacent granules, and in other cases, the membranous barrier between granules is discontinuous, fragmented, or absent. However, in optimally fixed cells, the majority of contact areas are intact and are pentalaminar."
This description implied the fusion of mucus droplets might be the result of fixation artefact, but in the case of the small intestine, the fusion of mucus droplets as a result of fusion and subsequent fission of droplet membranes seems to occur naturally, as far as the results shown by studying ultrathin sections of chemically fixed material. PALAY (1958) was the earliest electron microscopist who studied the goblet cell, and classified this cell into the group of apocrine glands. He described the secretion process of goblet cells as follows: the mucus droplets are accumulated in the apical part of the cell and merge into large masses, and the microvilli at the surface become flattened out, and finally the apex of the cell bursts open, so that the contents of the goblet flow out into the intestinal lumen. Many other successive researchers of goblet cells with electron microscopy described the bursting or rupture of the surface plasma membrane as the mechanism of mucus discharge (BIERRING, 1962; FREEMAN, 1962; HOLLMANN, 1963) , but they did not refer to the details in morphological events at the discharge of mucous substance, especially the fate of membranes surrounding mucus droplets and their interrelationship with the cell surface membrane. NEUTRA and LEBLOND (1966) reported that one or several clefts are formed across a thin cytoplasmic layer between the apical cell surface and mucus droplets, and the membrane-bounded mucus droplets may pass through such clefts and move into the gut lumen. After that the membrane covering the droplet is broken and content may be released. This mechanism can be classified neither in apocrine nor in exocytotic mechanism. The secretory substance released by exocytosis is not covered with a membrane, because the granule membrane must become a part of the cell surface at the moment of granule release. The mechanism reported by NEUTRA and LEBLOND (1966) is not accompanied with a loss of cytoplasm, so that it cannot be included in apocrine mechanism. No other gland cells releasing secretory substances in this mechanism have ever been reported. For the realization of this mechanism, the mucus droplets must be covered with double membranes, one of which directly covers the mucus being released with its content, and the other is situated outside of the former and left behind, when the mucus is released, being continuous with the cell surface membrane.
The illustration in NEUTRA and LEBLOND (1966) is suggestive of the presence of such double membranes, but the inside one is a little faint and slightly doubtful. FREEMAN (1966) took part with the apocrine theory. He reported that mitochondria, ribosomes, fragments of ER and cytoplasmic ground substance were expelled and hence the secretion was apocrine.
However, our present observations could not find extrusion of such cell organelles as reported by FREEMAN (1966) . But perhaps only fragments of droplet membranes and a small amount of cytoplasmic matrix at the interstices among mucus droplets may be released with mucus. KANASEKI (1975) demonstrated the events occurring in membranes of mucus droplets prior to or at the moment of secretion discharge.
A mass of mucus formed by the fusion of several droplets is poured out to the lumen. In this case, the periphery of the mass is completely surrounded by the intact membrane, and neither cell organelles nor cytoplasmic matrix situated outside the mucous mass is leaked out. The mechanism of extrusion of such a large mass of mucus is same as the exocytosis found in other protein-secreting glands such as the exocrine pancreas. In our studies, however, the cytoplasmic matrix at the interstices among mucus droplets and a few fragments of droplet membranes are seen in the mass of mucus, which are released out from the cell all together.
As a part of the cytoplasm and membranes of droplets are extruded, this mechanism must be classified as the apocrine secretion.
The typical apocrine mechanism with a balloon-like projection containing several droplets which bulges out and is finally pinched off at the base of the projection is also observed, though it is rarely seen. Some mucus droplets situated just beneath the surface plasma membrane may release the content through a pore across the fused membrane formed between the cell surface membrane and apical part of the droplet membrane. This is the true exocytosis. We observed three different mechanisms of mucus release, i.e. the real exocytosis, typical apocrine secretion and modified apocrine secretion.
The last, which is most frequently observed, is the exocytosis-like extrusion of a large mass of mucus formed by the coalescence of several droplets, but the released substance contains a little amount of cell constituents other than the pure mucus. In conclusion, the extrusion mechanism of goblet cells not unitarian, but at least three different mechanisms may occur simultaneously.
